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ABSTRACT
InSAR (acronym for Interferometry of Synthetic Aperture Radar) uses the electromagnetic wave
signal emitted by radars shipped in satellites orbiting in quasi polar orbits to measure with milimetric
accuracy displacements of the Earth’s surface or objects on it. The first SAR sensors were shipped in
the early 1990s providing the possibility to process data from the past. Together with the schedule of
new satellite acquisitions it allows investigations on slope stability before the start of the project,
during construction and for the maintenance of the infrastructure.
This paper describes the way data is obtained and processed and presents results in some case
studies where this technique is used to monitor slope stability of dams and water reservoirs both in
historical studies to assess the behaviour of displacements as well as current monitoring to improve
the security standards during the maintenance of infrastructures.

July 3–7, 2017
Prague, Czech Republic

ICOLD – CIGB

PRAGUE
2017

1.

th Annual Meeting
of International Commission on Large Dams

INTRODUCTION

Dams are usually located in mountainous areas, where different movements of the ground occur due to
the natural geodynamics or are induced by the change of the stress state on the ground. Interferometric
Synthetic Aperture Radar (InSAR) technology is an operational tool for measuring and monitoring
ground motion. Compared to traditional surveying techniques, InSAR has the advantage of offering a
high density of measurement points over large areas, including areas that are dangerous or difficult to
access. Advanced InSAR techniques, such as PSInSAR [1] and SqueeSAR [2], developed in the last
decade, provide high precision time series of movement that allow typical displacement patterns, such
as changes in ground movement over time as well as seasonal uplift/subsidence cycles, to be
highlighted. Additionally an archive historical of SAR data acquired from 1992 is available and can be
used to analyze the ground movements happened in the past.
The main objective of this study is to show the application of methodologies based on SAR satellites to
detect and monitor ground motion. The case study presented in this paper focuses on the application of
advanced Persistent Scatterer Interferometry (PSI) technique to monitor both past and present ground
movements over all the slopes draining to water reservoir and also motion on the ground where the dam
wall is based.
The area of interest is a dam built in 1950s and located on a subsidiary river of Ebro. Due to its installed
capacity, this dam plays a major role in the Southeastern hydropower system of the river. It’s a gravity
dam of 140m height and 200m length in coronation. The reservoir capacity is 912.6hm3 and its surface
about 1800ha. The installed capacity is of 108MW.
The results presented in this paper show the performance of historical and monitoring studies focused
on a complex relief and steep slope non-urban area, covered by rock outcrops, bush and forest. The
historical study was conducted in the water reservoir from 2003 to 2010 and the monitoring program
covered the period 2015-2016.
2.

METHODOLOGY

The results presented were obtained by processing two datastacks with advanced PSI techniques:
images from the ENVISAT satellite in both geometries of acquisition, ascending and descending (20032010) and images from Sentinel-1 satellite (2015-2016). PSI techniques can retrieve a high number of
measurements points from natural reflectors located on the Earth’s surface when no big changes occur
during the period of study. The combination of different SAR processing techniques guarantees the best
measurement precision for all ranges of motion, from millimetric to centrimetric magnitudes. All
measurements provided are taken in the Line-of-Sight (LOS) direction meaning that measurements are
a projection of the real motion into the detection vector or looking vector of the satellite called the Lineof-Sight.
2.1

TECHNICAL BASIS OF DINSAR

Differential Aperture Synthetic radar interferometry (DInSAR) is a remote sensing technique able to
measure surface deformation on the ground using complex satellite radar image datasets. The main
information used by DInSAR analysis corresponds to the interferometric phase obtained by the
computation of the phase difference between a pair of SAR images, the interferogram. The phase
information coming from an interferogram is also related to the topography of the area observed and the
deformation occurred in the time between the two images used.
In the case of having a Digital Elevation Model (DEM) of the area of interest the topographic component
can be simulated and removed from the phase signal giving as a result the DInSAR phase mainly related
to the ground deformation, that is, the motion. However in an in-depth analysis of the DInSAR phase it
can be seen that there are other phase components to take into account when performing advanced
interferometry:
-Phase noise: SAR sensors on satellites scan the earth surface in a 2D regular pattern. Only the pixels
with a low interferometric phase noise will be taken into account to obtain motion measurements and
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are considered good quality measurement points. All the points with a high noise ratio will be removed
from the processing applying interferometric coherence and amplitude dispersion criteria.
-Atmospheric contribution: As well as the GPS phase signal, DInSAR phase is also affected by signal
distortions due to the propagation of the signal through the atmosphere. Advance DInSAR techniques
are able to estimate and extract the signal due to atmospheric artifacts for each SAR image, Ferretti et
al., (2001) and Lanari et al., (2004).
-Topographic error: Phase component related to topographic differences between the DEM used and
the radar readings can introduce errors in the deformation measurements. The error magnitude depends
on the quality of the DEM used and the perpendicular baseline between the two images of the
interferometric pairs took as the dataset.
Most of the DInSAR techniques base their deformation estimation in the unwrapping of the
interferometric phase. In SAR images the phase information of each pixel is known modulus π (wrapped
phase). The estimation of the deformation consists in unwrapping the phase information coming from
the interferograms to get the real value of the phase. The unwrapping computation is the most critical
step in the processing chain and consists in the estimation of the phase ambiguity. In particular, just
with one interferogram, (phase differences between two SAR images) in order to get a correct estimation
of the phase ambiguity, the phase gradient between close pixels has to be less than π. Pi corresponds
to a deformation in the Line-of-Sight of the satellite (LOS) of lambda/4. Lambda corresponds to the
wavelength of the radar signal that is, for example: lambda=5.66 cm for C-band sensors or lambda=3.1
cm for X-band sensors. These values suppose a clear limit in the detection of the spatial maximum
gradient, depending however on the spatial distribution of the real pattern. This limitation can be
addressed by reducing the temporal span between images.
In the case of slow motion phenomena the main scope is the minimum detection limit. In these cases
multiple SAR images during long temporal periods can be acquired in order to get a redundant dataset
of DInSAR observations. The advantage of adding redundancy is that noise and atmospheric artifacts
from the phase signal can be cancelled. Nowadays some advanced DInSAR techniques to retrieve
ground motion information from redundant interferometric datasets can be found in the literature. These
include Permanent Scatterers (Ferretti et al., 2000) and the Small Baseline Subset (Berardino et al.,
2002; Lanari et al., 2004). Other interesting approaches can be found in Werner et al., 2003, Mora et
al., 2003 and Hooper et al., 2004. In the best case velocity precision may be below 1 mm/year as
described in Colesanti et al., 2003.
Since the first description of DInSAR technique using SEASAT SAR data by Gabriel et al., 1989,
DInSAR techniques were applied in a wide range of applications as landslides (Tamburini et al., 2013),
seismology (Massonet et al., 1993), volcanology (Amelung et al., 2000), glaciology (Goldstein et al.,
1993), terrain subsidence (Galloway et al., 1998), etc… Further details on the applications of advance
DInSAR techniques can be found in Rosen et al., (2000), Hanssen (2001) and Ferretti (2014).
2.2

PSI TECHNIQUES AND SQUEESARTM MILIMETRIC MOTION ESTIMATION

Advanced DInSAR techniques applied to a set of input interferograms (redundancy) are the ones known
as advanced PSI techniques. PSI techniques are related to the detection of millimetric and centimetric
displacements on the ground surface caused by underground activity or low-motion instability (Adam et
al., 2009). The PSI family of algorithms can identify high quality reflectance points (high coherence) in
the radar images. Model fitting methodologies are applied to these points to derive the precise height,
the mean displacement rate and the temporal evolution of the displacement (time series). During this
process atmospheric artifacts are compensated. The basis of the PSI techniques consist of the
separation of each component: motion, topographic error, atmospheric artefacts and signal noise from
the input interferogram phases. In a step by step procedure, using a stack of input interferograms coming
from a minimum image dataset of more than 20 images, atmospheric artefacts are estimated and
compensated by using low pass filters and deformation and topographic contribution values are
extracted through a high resolution analysis.
During years, InSAR analysis was performed on the basis of analyzing the position and control of very
coherent radar reflectors - called Permanent Scatters (PS) - that can be detected in the whole dataset.
The PS-InSAR application (Ferretti et al., 2000) was able to retrieve milimetric accuracies in motion
estimation with very good results especially in urban areas by removing atmospheric noise. The main
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limitation of the application was the low point density in non-urban areas or areas without infrastructures.
In order to achieve better results especially in non-urban areas, bare ground, mines, hydrocarbon
reservoirs, or landslide areas, also reflectors known as Distributed Scatterers (DS) were took into
account. The DS measurement point corresponds to areas showing similar SAR signals. The size of the
area is dependent on the pixel size and the number of adjacent pixels showing the same SAR signal.
Advanced processing techniques that use both PS and spatial DS significantly increase the density of
measurement points in non-urban settings. SqueeSAR (Ferretti et al., 2001) is one of these advanced
techniques as it preserves the precision of PS-InSAR while expanding the possibilities of investigation
and control to many non-urbanized areas, including mountainous regions. The SqueeSAR algorithm
also produces improvements in the quality of the displacement time series. The homogeneous areas
that produce DS points normally comprise several pixels. The single time series attributed to each DS
is estimated by averaging the time series of all pixels within the DS, effectively reducing noise in the
data. The number of PS and DS points typically increases over time as more images are captured,
although this is partially offset by active mine operations that tend to alter the landscape or surface and
therefore decrease the number of stable measurement targets (Macdonald et al., 2016).
3.

HISTORICAL STUDY

Historical displacement data around the water reservoir was obtained by processing an ENVISAT
dataset. In order to avoid geometric deformation both orbit geometries were processed, thus obtaining
measurement points in all orientated slopes. Table 1 shows the image dataset used and Figure 1 shows
the temporal distribution of the image set.
Table 1: Dataset used for an historical study
Satellite

Geometry

# of images

Time spam

LOS angle

ENVISAT

Ascending

27

14/01/2003-10/08/2010

20.79º

ENVISAT

Descending

29

14/01/2003-10/08/2010

19.78º

Figure 1: Ascending (top) and descending (bottom) temporal distribution of images
3.1

RESULTS

3.522 measurements points were obtained, 1828 from ascending mode and 1694 from descending
mode. The density of measurement points is not homogenous because it depends on the ground cover:
over high correlated areas, as rock outcrops, the density is higher than over vegetated areas, where
surface changes quickly between satellite acquisitions. An averaged point density is 91 points/km 2.
Figure 2 shows the points obtained in the area. The averaged accuracy for measurements is 5 mm in
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accumulated motion and 87% of measurement points are under +- 10 mm motion during the time span
of the historical study (2003-2010).

Figure 2: Point density obtained for the historical ground motion study
The data obtained show the main ground displacement patterns at the dam surrounding slopes. In the
Eastern area results show a general ground movement of 5 mm/year at the West faced slope with
specific movements of accumulated 4.5 cm during the time studied with a yearly velocity of 6.5 mm/y
(Figure 3 and Figure 4). These ground motion seems to move towards the maximum slope when
analyzing the results from both modes. There is a difference between the magnitudes showed at both
modes due to the fact that this ground movement has an important horizontal component, probably with
a movement towards maximum slope. The descending mode, with a LOS towards the West, is highly
sensitive to horizontal movements towards the West and shows the main and slow movement of slope.
The ascending mode, with a LOS towards the East, is highly sensitive to horizontal movements towards
the East and shows the movements situated at the South west facing minor slope.

Figure 3: Ascending results at Eastern
slopes

Figure 4: Descending results at Eastern
slopes

In the Northern area ground movement is detected over the East facing slopes (see Figure 5). This
ground movement is delimited at the upper part of colluvial deposits under a cliff and the measured
magnitudes are of accumulated 38 mm. This motion concentrated during 2005 and 2007, as shown in
the temporal series obtained (Figure 7).
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Results from the descending mode, highly sensitive to West oriented slope movements, show some
localized slope movements under 3.5 mm/year motion ratios. (Figure 6)

Figure 5: Ascending results at Northern slopes

Figure 6: Descending results at
Northern slopes

Figure 7: Temporal series of some
measurements points obtained over East facing
slopes of Figure 5.

The sampling of measurements points was affected by the forest land cover which caused decorrelation
during the period studied (2003-2010). The data obtained show nevertheless different ground
movements; at the Western area of south slope ground motion starts at 2007 accumulating 25 mm of
motion (Figure 8 and Figure 9). At the Eastern area measurement points show ground motion with a
continuous rate of movement around 3.9 mm/year.
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Figure 9: Temporal series of measurement
points of the Western part (top) and the
Eastern part (bottom) of the Southern slope

As a summary, there are different trends in the motion detected. Some sites show a nonlinear trend in
motion with an acceleration between 2005 and 2007 (Figures 7 and 9) while others show a more linear
trend and a final deceleration of displacements (Figure 7).

4.

MONITORING STUDY

A further study was conducted with Sentinel-1 data resulting in a database with a higher density of
measurement points in order to analyze the ground motion occurred during the last two years around
the water reservoir. The Sentinel data allow the decorrelation between images to be reduced because
the revisiting time is about 12 days and the LOS of 41.22º to vertical avoids high geometrical
deformation. Measurement points in all-oriented slopes can be obtained.
Table 2: Dataset used for monitoring study
Satellite

Geometry

# of images

Time spam

LOS angle

Sentinel

Ascending

45

28/02/2015-26/09/2016

44.22º

Figure 10: Temporal distribution of Sentinel-1 images
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RESULTS

8.238 measurements points were obtained with an averaged point density of 339 points/km2.

Figure 11: Measurements obtained during 2015 and 2016
The averaged accuracy for measurements is 5 mm in accumulated motion and the 89% of measurement
points are between +- 10 mm motion. The density of results allows ground movement areas to be
delimitated and the stability of slopes to be evaluated. The measurement points show a general stability
of slopes with localized ground motion, affecting small areas with an averaged motion of 10-15 mm
during monitoring time (from February 2015 to September 2016). These ground motion punctually
reaches values of 30 mm but it shall not compromise the safety of the reservoir because there are no
infrastructures nearby and the motion does not affect large slopes. The surrounding area of the dam
wall presents general stability. The most notable ground movements are located on the slopes to the
East and North of the reservoir since this motion affects all the extension of the slope.
At the Eastern area of the reservoir, results show the continuity of the motion previously detected.
Ground motion is concentrated in the lower areas of the slopes, near the ravines, with magnitudes of 30
mm in 1.5 year and with a seasonal character, with motion concentrating in summer and autumn (Figure
12 and Figure 13)
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Figure 13: Temporal series of measurement
points at the Eastern slopes

At the Northern area, the motion previously detected on East facing slopes slow down and measurement
points show ground movements of 27 mm during the period of study (Figure 12Figure 14). These
movements have a continuous pattern. At West facing slopes of this area the ground movements reach
32 mm of deformation during 2015 and 2016, with a seasonal character, with ground displacement
concentrated during summer (Figure 15).
In conclusion, movements in this period are slower than in the historical study; the area seems to
become more stable. The most relevant motion is detected in the Eastern and Northern slopes. These
areas of motion affect a significant extension of the slopes.

Figure 14: Sentinel results at the Northern
slopes

Figure 15: Temporal series of measurement
points located in the west facing slope at the
Northern area
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CONCLUSIONS

InSAR technology was used in this study to successfully monitor slope stability over a dam and its
reservoir in the Spanish Pyrenees. Two types of studies were conducted: firstly, an historical study with
the C-Band sensor ENVISAT, covering the period between 2003 and 2010, secondly a monitoring study
with the C-band sensor Sentinel covering from October 2014 to August 2016.
The first historical study started before the intensive instrumentation over some slopes was installed and
continued four years after the implementation of this observational method. The time series obtained
with InSAR analysis allow a better understanding of the trigger of the movements as well as the
accelerations due to a change in the border conditions.
The second study extended the monitoring of the same area for two more years and aided in
understanding whether the triggering parameters have changed with time, to correlate the change in
trend of displacements with the hydraulic and/or rainfall.
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